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There is proxy evidence that the pronounced east-west temperature dif-5

ference observed today across the equatorial Pacific Ocean may not have ex-6

isted in the early Pliocene (4-5 Myr BP), and that the east Pacific cold tongue7

developed gradually toward the end of the Pliocene (2 Myr BP). The east8

Pacific temperature influences weather and climate worldwide, and the Pliocene9

climate may be an instructive analogue to a future warm climate arising from10

anthropogenic elevation of CO2, making understanding the Pliocene equa-11

torial SST gradient especially relevant. A mechanism for maintaining a weaker12

Pliocene equatorial temperature gradient is proposed that borrows from the-13

ories of atmospheric superrotation. The mechanism is based on enhanced or14

rearranged tropical convective activity during the warmer Pliocene climate15

exciting atmospheric Rossby waves that propagated poleward from the equa-16

tor. These waves produced an equatorward flux of westerly momentum that17

weakened the surface easterlies and therefore the east-west thermocline slope18

and SST gradient.19
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1. Introduction

There is proxy evidence [e.g., Chaisson and Ravelo, 2000; Wara et al., 2005] that the20

presently observed east-west temperature difference across the equatorial Pacific Ocean21

may not have existed in the early Pliocene (∼4-5 Myr BP) but developed gradually toward22

the end of the Pliocene (∼2 Myr BP). This is a dramatic observation given that CO223

concentration at that time is believed to have been similar to pre-industrial values [Pagani24

et al., 1999] or at most only some 35% higher [Raymo et al., 1996], which would place25

CO2 concentration close to present-day values. Globally averaged temperature during the26

Pliocene is estimated to have been warmer than today’s by about 2-3◦C.27

The present-day equatorial Pacific east-west SST gradient is due to surface easterlies28

forcing an east-west tilt of the thermocline, bringing cold water close to the surface in the29

east Pacific. The equatorial easterlies, in turn, are reinforced by the Walker circulation30

which arises in association with ascent over the west Pacific warm pool and subsidence31

over the east Pacific cold tongue. In order for this cold tongue to be eliminated, the32

equatorial surface easterlies and associated Walker circulation would need to diminish, or33

the thermocline would need to be significantly deeper [Fedorov et al., 2006].34

Pliocene climate is often compared to a permanent El Niño state or to the warm phase35

of the Pacific decadal oscillation [Fedorov et al., 2006; Molnar and Cane, 2007]. However,36

El Niño is quasi-periodic and accounting for a warmer east Pacific and a permanently37

reduced east-west temperature gradient state requires, of course, a substantially different38

physical mechanism. Previous explanations for the vanishing of the equatorial tempera-39

ture gradient include a (possibly globally) deeper thermocline due to high latitude fresh40

D R A F T November 4, 2008, 11:23am D R A F T



X - 4 TZIPERMAN AND FARRELL: PLIOCENE SST AND ATMOSPHERIC SUPERROTATION

water forcing [Fedorov et al., 2006, 2004], opening of the Panamanian seaway [Haug and41

Tiedemann, 1998; Klocker et al., 2005]), and a rearrangement of the islands in the mar-42

itime continent [Dayem et al., 2007]. The trades may also weaken because of a weakening43

of the Hadley circulation perhaps in association with a movement of the ITCZ toward the44

equator. In addition, the Walker circulation in a warming world may also be affected by45

a dynamical ocean thermostat mechanism leading to a more La Niña-like state [Clement46

et al., 1996].47

We wish to explore an alternative explanation based on the idea that the Pliocene atmo-48

sphere was in a dynamical state approaching what is known as “equatorial superrotation”,49

with surface westerlies, or at least diminished easterlies, in the equatorial Pacific replacing50

the present-day easterlies. Equatorial superrotation exists on other planets and moons in51

the solar system including Venus, Titan, Saturn, and Jupiter, and has been explored in52

the atmospheric literature as a theoretically possible alternate state of the atmospheric53

general circulation [Saravanan, 1993; Suarez and Duffy , 1992; Williams , 2006, 2003; Shell54

and Held , 2004; Held , 1999; Panetta et al., 1987].55

The mechanism based on superrotation dynamics is built on the following elements:56

first that the warmer Pliocene climate resulted in enhanced organized convective activ-57

ity in the tropical atmosphere including short term variability similar to Madden-Julian58

oscillations, westerly wind bursts (WWBs) and convectively coupled waves in the present-59

day tropical atmosphere. Next, this enhanced organized convective variability acted to60

stochastically excite tropospheric Rossby waves that radiated away from the equator.61

These waves induced an equatorward flux of westerly momentum that weakened the east-62
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erlies or induced westerlies at the equator. The weaker surface Pacific easterlies, in turn,63

weakened the thermocline slope and therefore also the equatorial SST gradient.64

A superrotation state is conventionally characterized by winds that are uniformly west-65

erly at the equator, so that the zonal average winds are westerly as well. While the66

dynamics of a superrotating atmosphere offers many interesting insights into the pre67

ice-age climate, we do not advocate that the early Pliocene atmosphere was necessarily68

superrotating in this strict sense. Rather, we wish to explore the idea that mechanisms69

leading to superrotation could have participated in substantially weakening the easterlies70

over the equatorial Pacific.71

Before proceeding with the proposed mechanism, it is worthwhile noting that there are72

many uncertainties regarding the Pliocene observations. First, not all observations agree73

that there was an east Pacific warming and diminished east-west temperature gradient74

during the early Pliocene [Rickaby and Halloran, 2005; Groeneveld et al., 2006]. Second,75

it is very possible that the warming observed in some proxies reflects a changed ENSO76

frequency [Dowsett and Robinson, 2008], prolonged El Niño events, or other temporal77

variability that is aliased by the coarse temporal resolution of the deep sea cores into78

what seems like a permanent warming, a possibility that was carefully explored by some79

recent modeling studies [e.g., Bonham et al., 2008]. The west Pacific temperature was80

not necessarily constant during the Pliocene, as seen by [Medina-Elizalde et al., 2008]81

who do observe a reduced east-west temperature gradient during the late Pliocene. It82

is also important to note that some of the ENSO-like teleconnections observed for the83

Pliocene can be explained by scenarios other than a warm east Pacific with no ENSO84
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variability [Haywood et al., 2000; Jiang et al., 2005; Sloan et al., 1996]. Keeping in mind85

these caveats, we proceed to describe a mechanism that may be able to account for a shift86

in the mean state of the east-west temperature gradient in the equatorial Pacific, should87

such a shift be the correct interpretation of the proxy observations.88

Recognizing that the scenario proposed here is speculative, we present below evidence89

for each link in the above reasoning chain (section 2). We also discuss the weaknesses of90

this proposed explanation, contrast it with the available proxy evidence for the Pliocene91

climate, and explain why current models may be expected to have difficulties testing this92

mechanism (section 3). We conclude in section 4.93

2. Weakening of Pacific easterlies due to Superrotation dynamics?

The surface easterlies in the present-day equatorial Pacific result from the influence of94

two dynamical entities; the first being the east/west Walker circulation. The second is the95

equatorward air-flow associated with the Hadley circulation, which is diverted eastward96

by the Coriolis force. Although the Walker circulation produces winds in the upper97

troposphere over the Pacific that are generally westerly, the zonal average upper flow is98

still easterly [Lee, 1999].99

According to Hide’s theorem [Hide, 1969] there cannot be zonally-averaged westerlies100

(superrotation) at the equator if angular momentum is conserved following air parcels101

apart from down-gradient diffusion (that is, diffusion from high values to low values)102

by turbulent or transient eddy motions. This would preclude superrotation except for103

the remarkable fact that up-gradient fluxes of momentum and of angular momentum are104

commonly found in the atmosphere. Denoting deviations from the time mean zonal and105
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meridional velocities by u′ and v′, the time mean eddy meridional momentum flux by106

transient motions such as waves in the atmosphere is u′v′ where the overbar denotes a107

time average.108

In order to induce westerlies at the equator, we need a momentum flux directed toward109

the equator, and one way this may occur is via a stochastic excitation of transient motions110

at the equator. Tropospheric Rossby waves excited at the equator propagate energy away111

from the equator. Because Rossby wave meridional momentum flux is in the direction112

opposite to the meridional energy flux of these waves, this induces an up-gradient westerly113

momentum flux directed toward the equator which acts to weaken the easterlies there.114

This raises the issue of possible sources for stochastic forcing of wave motions at the115

equator, especially in a warm climate such as that of the Pliocene. One obvious candidate116

is tropical convection. In present-day climate this includes phenomena such as Madden-117

Julian Oscillations [MJO, Hendon and Salby , 1994; Madden and Julian, 1971], the possibly118

related westerly wind bursts [Weller and Anderson, 1996], and convectively coupled waves119

[Wheeler and Kiladis , 1999], to name a few examples.120

The time-mean near-surface zonal momentum equation at the equator balances fric-

tion forces, pressure gradient forces, and eddy momentum flux divergence [Holton, 1992,

chapter 10],

ru = −1

ρ

∂p

∂x
− ∂

∂y
u′v′, (1)

where this approximation neglects mean horizontal and vertical advection terms [Shell and121

Held , 2004], neglects the Coriolis force which vanishes at the equator, and parametrizes122
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friction as linear in the zonal wind. In the above equation r is a friction coefficient, p the123

pressure, x and y are the east and north coordinates.124

In the present Pacific sector climate, the pressure gradient term in (1) results from the125

east-west SST gradient. Westerlies (u > 0) would result if this term were weaker while126

the eddy momentum flux convergence term due to Rossby waves propagating away from127

the equator was comparatively stronger.128

We can now summarize the proposed scenario as follows (Fig. 1)129

1. The warmer climate of the Pliocene was characterized by a stronger MJO and WWB-130

like tropical convection activity that acted as a stochastic excitation at the equator.131

2. Tropospheric Rossby waves radiating energy away from the equator produced an132

equatorward flux of westerly momentum which tended to weaken or diminish equatorial133

easterlies.134

3. The weaker easterlies led to a positive feedback: a weaker surface stress decreased the135

east-west slope of the equatorial Pacific thermocline, deepened the east Pacific thermocline136

and eliminated the cold tongue in the east Pacific. The diminished east-west SST gradient137

reduced the atmospheric pressure gradient, further weakened the Walker circulation and138

perhaps strengthened or rearranged convective activity in the warmer east Pacific leading139

to more Rossby wave production.140

As climate cooled since the early Pliocene (due to reasons we cannot identify here,141

possibly changes in greenhouse gas concentration), organized tropical convective activity142

weakened. This led gradually to diminishing of the proposed dynamical regime as the143

pressure gradient in (1) became dominant over the eddy momentum flux, resulting in144
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gradual establishment of a strong equatorial Pacific SST gradient by 2-3 Myr BP. We now145

support each step in the above scenario with references to the relevant literature following146

the same three steps as above.147

1. The atmosphere in a warmer climate contains more moisture and one may therefore148

expect a stronger or at least reorganized convection-related tropical variability. Indeed,149

Slingo et al. [1999] found an increase in MJO activity since the mid-1970s possibly due150

to a decadal time-scale warming in the tropical SSTs. Similarly, idealized atmospheric151

general circulation model results support the idea that MJO activity should be stronger152

in a warmer climate [Lee, 1999].153

2. The next stage in the proposed mechanism is divided into several steps. In the first154

step, stronger or rearranged tropical convective activity results in stronger Rossby wave155

excitation. While this is a sensible assumption, it cannot be easily quantified by existing156

models which have difficulties in producing even the wide range of present-day tropical157

convective activity. Second, there is a large literature demonstrating that equivalent158

barotropic atmospheric Rossby waves can be excited at the equator, escape and create159

remote atmospheric teleconnections [Hoskins and Karoly , 1981]. Third and most critical,160

consider the evidence for stronger wave excitation at the equator leading to weakened161

surface easterlies. Lee [1999] found that a prescribed global SST warming leads both to a162

stronger MJO and to westerlies at the equator. Huang et al. [2001] found a tendency to163

produce superrotation in a global warming simulation and speculate that this is a result164

of increased tropical stochastic forcing by atmospheric convection. Biello et al. [XX]165

find tendency to superrotation due to MJO related horizontal momentum flux. Held and166
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Suarez [1978] found that minor changes to their convective parameterization could lead to167

equatorial superrotation. Held [1999] later interpreted this result to be the consequence of168

noise created in this model by the convection scheme (serving the role of the convection-169

related stochastic excitation proposed here), resulting in Rossby waves propagating off170

the equator and inducing equatorial superrotation. Held also speculates that this scenario171

may occur under global warming. Finally, Farrell and Ioannou [2008] recently explicitly172

prescribed stochastic forcing representing convective activity in the tropics and found that173

superrotation resulted in an idealized equivalent barotropic model.174

Atmospheric superrotation in models tends to be stronger in the upper troposphere. How-175

ever, convectively-forced Rossby waves propagating away from the equator may lead to176

weakened easterlies at the surface as well. Equivalent-barotropic tropospheric Rossby177

waves would probably be especially effective for this purpose because they can escape the178

equatorial waveguide and because they would tend to induce equivalent-barotropic mo-179

mentum forcing at the equator, more likely to lead to a surface signature. The response180

of surface winds to elevated thermal forcing has been studied, for example, by Wu et al.181

[2000, 1999] and Chiang et al. [2001] and turns out to be quite sensitive to model param-182

eters and to the level of the elevated heating. Understanding the surface wind response183

to possibly elevated eddy momentum fluxes will similarly require a careful further study.184

3. The final step requires no justification, as the relationship between the easterlies,185

thermocline slope, and east-west temperature gradient is a cornerstone of equatorial dy-186

namics and plays a well known role in the physics of ENSO.187
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Increase in east Pacific SST may reduce highly reflective marine stratus clouds there,188

enhancing the warming and leading to yet another positive feedback [Fedorov et al., 2006;189

Barreiro et al., 2006]. The gradual evolution of the SST gradient during the Pliocene190

indicates that the positive feedbacks do not lead to bifurcations and abrupt transitions.191

While abrupt transitions are a focus of much of the superrotation literature, bifurcations192

are not essential for our mechanism for explaining the vanishing of the Pliocene SST193

gradient.194

3. Successes and challenges in explaining proxy observations

While offering an explanation for the observed warm SST in the eastern Pacific and195

diminished east-west temperature gradient [Wara et al., 2005; Ravelo et al., 2004], a196

successful theory should also be consistent with other Pliocene observations.197

The first challenge comes from the observation that mid-latitude upwelling zones off198

Peru, California and southwest Africa were also warmer during the Pliocene. This may199

be explained either by a global deepening of the thermocline [Fedorov et al., 2006, 2004;200

Dekens et al., 2007] or by an alternative more consistent with the mechanism suggested201

here: a shift in the upwelling-favorable winds. The water in the Benguela upwelling202

system off southwest Africa were reconstructed to be 10◦C warmer during the Pliocene203

than today. Increase in the fraction of upwelling diatoms since the Pliocene suggests that204

this cooling is due to a gradual increase in upwelling, and not necessarily due to a shift205

in the thermocline depth [Marlow et al., 2000].206

Coastal upwelling enhances biological productivity by bringing up nutrient-rich water. If207

the warming in the upwelling zones is due to a change in the upwelling-favorable winds, one208
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may expect a change in productivity. The record on this is mixed, with some evidence that209

productivity did increase near Peru during the SST cooling, but with no obvious increase210

off California [Dekens et al., 2007]. These authors suggest that the Peru correlation211

may be due to tectonic effects, but more direct proxies of upwelling such as used by212

Marlow et al. [2000] may be needed to resolve this issue. High productivity exists today213

in areas with no coastal upwelling, so that the high productivity off California during the214

Pliocene does not necessarily reflect upwelling. Especially as there is a shift in the Pliocene215

plankton species found off California which is not trivially explained by a deepening of216

the thermocline [Dekens et al., 2007].217

Comparison with present-day El Niño events may provide some insights [Molnar and218

Cane, 2007]. During El Niño the trades weaken and so do the coastal-upwelling favorable219

winds, leading to changes in the wind-driven upwelling off the coast of California [Schwing220

et al., 2002] and in the surface temperature there, consistent with our mechanism. On the221

other hand, enhanced coastal warming off California in recent decades may be partially222

attributed to a depressed thermocline depth there [Mendelssohn and Schwing , 2002].223

There is evidence that subtropical winds were different during the Pliocene [Leroy and224

Dupont , 1997; Molnar and Cane, 2007]. Tropospheric Rossby waves propagating away225

from the equator and absorbed in the subtropics may lead to the deposition of easterly226

momentum there. This could change the location or amplitude of the subtropical high227

pressure cells which control the location of the upwelling zones. The winds can also228

change due to the different equator to pole temperature gradient or tropical atmospheric229

teleconnections [Dekens et al., 2007]. Careful quantitative model studies together with230
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additional proxies along coastal areas are needed to identify the spatial structure of the231

Pliocene subtropical atmospheric circulation and upwelling zones and to evaluate the232

possibility that the cold upwelling zones moved rather than disappeared.233

Another indication that changes in thermocline depth may not fully explain changes in234

equatorial SST gradient is that the equatorial Pacific thermocline depth seems to have235

shoaled mostly between 5-3Myr, while the east Pacific SST cooled between 2.5-1 Myr BP236

[Wara et al., 2005]. Additionally, the SST started changing at the end of the Pliocene237

before the start of the northern hemisphere glaciation, and as noted by [Dekens et al.,238

2007] this means that the shift in upwelling-favorable winds could not be due to the239

glaciation. But this does not rule out other factors that can lead to a change in the winds240

such as a cooling and a reduction in tropical convective activity and wave momentum flux241

as suggested here.242

The horizontally averaged ocean stratification may be explained either by vertical ocean243

mixing [Tziperman, 1986], or by cross-isopycnal mixing in the outcrop regions, notably in244

the Southern Ocean [e.g., Gnanadesikan, 1999]. These processes may have been different245

during the Pliocene, but the corresponding mechanisms are far from obvious. Overall it246

seems that the proxy evidence or theoretical considerations cannot rule out either of the247

two alternative mechanisms for warmth of the coastal zones during the Pliocene, and both248

a deeper thermocline and changed wind patterns deserve additional examination.249

The idea of weaker equatorial easterlies is also challenged by dust records from the east250

equatorial Pacific [Hovan, 1995] which indicate larger grain sizes during the late Miocene251

(8-5 Myr BP), possibly due to stronger easterlies then. However, there seems to be no252
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trend in these dust records near the equator itself (sites 848 and 489) for the past 5 Myr253

when the SST gradient developed. These dust records may also represent the influence254

of a combination of mean winds and storminess as well as soil moisture, rather than of255

purely the mean easterlies. The source of dust in these sites is thousands of km away, and256

pinpointing the dust source and therefore the wind direction is difficult [Molnar and Cane,257

2007]. Finally, when easterlies weaken over the central Pacific during El Niño events, they258

strengthen off central America [Harrison and Larkin, 1998], apparently consistent with259

both weaker easterlies over the Pacific and with the dust records.260

Significantly higher early Pliocene temperature in the high latitude Ellesmere Island,261

for example, [Tedford and Harington, 2003], may not necessarily be related to the tropics,262

and may very well be explained by some high latitude climate feedback such as the cloud-263

convective feedback of Abbot and Tziperman [2008].264

4. Conclusions

We propose that wave momentum fluxes forced by enhanced or reorganized tropical con-265

vective activity during the warmer Pliocene climate resulted in weakened Pacific easterlies266

and therefore weakened equatorial SST gradient. We borrowed from the concepts used267

to understand atmospheric superrotation, although we do not suggest that the Pliocene268

atmosphere was necessarily superrotating in the strict sense.269

Some current coupled GCMs seem unable to simulate the reduced SST gradient in the270

Pacific during the Pliocene, although there are also some partial successes in simulating271

a state consistent with the proxy observations even if it is not necessarily a permanent272

El Niño state [Haywood and Valdes, 2004; Haywood et al., 2007]. The inability of some273
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GCMs to account for a dramatically reduced temperature gradient may be explained in274

our proposed scenario by the inability of most of these models to reliably simulate the275

observed tropical convective activity and the present-day east-west SST gradient without276

significant biases. These difficulties may have contributed to the inability of most ENSO277

prediction models to correctly predict the large 1997 El Niño which was accompanied by278

extreme westerly wind burst activity. Improving these aspects of GCMs is required before279

the present idea can be tested reliably in model simulations.280

An analysis of IPCC model runs under increased greenhouse gas concentration [Vecchi281

and Soden, 2007] shows a consistent weakening of the Walker circulation. While this282

weakening is consistent with thermodynamic moisture budget arguments [Soden and Held ,283

2006], the mechanism of this weakening from a momentum point of view, and the reason284

the Hadley circulation does not weaken, are still not clear. Some of the global warming285

runs showing a weakened Walker circulation also show enhanced extreme precipitation286

events, and one wonders if these or another enhanced convective activity might act as287

stochastic forcing which leads to the Walker circulation weakening as discussed here.288

Finally, the El Niño event of 1997-1998 was judged by Molnar and Cane [2007] to most289

resemble the early Pliocene climate. This event was also characterized by exceptionally290

strong westerly wind bursts [McPhaden, 1999], most likely resulting from atmospheric291

convection processes. Is this a sign of a changing state of the tropics toward one with292

more convective activity and a weaker mean Walker circulation as also speculated by Held293

[1999] and Pierrehumbert [2000]?294

D R A F T November 4, 2008, 11:23am D R A F T



X - 16 TZIPERMAN AND FARRELL: PLIOCENE SST AND ATMOSPHERIC SUPERROTATION

Acknowledgments. We thank Mark Cane, Alan Haywood, David Lea and an anony-295

mous reviewer for their helpful reviews. We thank Dorian Abbot, Alexey Fedorov, Zhim-296

ing Kuang, Peter Huybers, Jake Gebbie and Hezi Gildor for their comments. This work297

was funded by the McDonnell Foundation and by the NSF paleoclimate program, ATM-298

0455470 (ET) and NSF grant ATM-0736022 (BF).299

References

Abbot, D. S., and E. Tziperman (2008), Sea ice, high latitude convection, and equable300

climates, Geophys. Res. Lett., 35, L03,702. doi:10.1029/2007GL032,286.301

Barreiro, M., G. Philander, R. Pacanowski, and A. Fedorov (2006), Simulations of302

warm tropical conditions with application to middle Pliocene atmospheres, Clim.303

Dyn., 26 (4), 349–365, doi:10.1007/s00382-005-0086-4.304

Biello, J. A., A. J. Majda, and M. W. Moncrieff (XX), Meridional momentum flux and305

superrotation in the multiscale IPESD MJO model, XX, XX (XX), XX.306

Bonham, S., A. Haywood, D. Lunt, M. Collins, and U. Salzmann (2008), ENSO, Pliocene307

climate and equifinality, Phil Trans R Soc A, in press.308

Chaisson, W. P., and A. C. Ravelo (2000), Pliocene development of the east-west hy-309

drographic gradient in the equatorial Pacific, Paleoceanography, 15 (5), 497–505.310

Chiang, J. C. H., S. E. Zebiak, and M. A. Cane (2001), Relative roles of elevated heating311

and surface temperature gradients in driving anomalous surface winds over tropical312

oceans, J. Atmos. Sci., 58 (11), 1371–1394.313

Clement, A. C., R. Seager, M. A. Cane, and S. E. Zebiak (1996), An ocean dynamical314

thermostat, J. Climate, 9 (9), 2190–2196.315

D R A F T November 4, 2008, 11:23am D R A F T



TZIPERMAN AND FARRELL: PLIOCENE SST AND ATMOSPHERIC SUPERROTATION X - 17

Dayem, K. E., D. C. Noone, and P. Molnar (2007), Tropical western Pacific warm pool316

and maritime continent precipitation rates and their contrasting relationships with317

the Walker Circulation, J. Geophys. Res., 112 (D6), doi:10.1029/2006JD007870.318

Dekens, P. S., A. C. Ravelo, and M. D. McCarthy (2007), Warm upwelling regions in319

the Pliocene warm period, Paleoceanography, 22 (3), doi:10.1029/2006PA001394.320

Dowsett, H., and M. M. Robinson (2008), Mid-Pliocene equatorial sea surface tempera-321

ture reconstruction: a multi-proxy perspective, Royal Society Special issue on Pliocene,322

xx (xx), xx.323

Farrell, B. F., and P. J. Ioannou (2008), Emergence of jets from turbulence in the shallow324

water equations on an equatorial beta plane, J. Atmos. Sci., submitted.325

Fedorov, A., R. Pacanowski, S. Philander, and G. Boccaletti (2004), The effect of salinity326

on the wind-driven circulation and the thermal structure of the upper ocean, J. Phys.327

Oceanogr., 34 (9), 1949–1966.328

Fedorov, A., P. Dekens, M. McCarthy, A. Ravelo, P. deMenocal, M. Barreiro,329

R. Pacanowski, and S. Philander (2006), The Pliocene paradox (mechanisms for a330

permanent El Niño), Science, 312 (5779), 1485–1489, doi:10.1126/science.1122666.331

Gnanadesikan, A. (1999), A simple predictive model for the structure of the oceanic332

pycnocline, Science, 283, 2077–2079.333

Groeneveld, J., S. Steph, R. Tiedemann, D. Garbe-Schonberg, D. Nurnberg, and334

A. Sturm (2006), Pliocene mixed-layer oceanography for site 1241, using combined335

Mg/Ca and delta18O analyses of Globigerinoides sacculifer, in Proceedings of the336

Ocean Drilling Program, Scientific Results, vol. 202, edited by R. Tiedemann, A. Mix,337

D R A F T November 4, 2008, 11:23am D R A F T



X - 18 TZIPERMAN AND FARRELL: PLIOCENE SST AND ATMOSPHERIC SUPERROTATION

C. Richter, and W. Ruddiman, College Station, TX.338

Harrison, D. E., and N. K. Larkin (1998), El Niño-Southern Oscillation sea surface339

temperature and wind anomalies, 1946-1993, Rev. Geophys., 36 (3), 353–399.340

Haug, G. H., and R. Tiedemann (1998), Effect of the formation of the isthmus of Panama341

on Atlantic Ocean thermohaline circulation, Nature, 393 (6686), 673–676.342

Haywood, A., and P. Valdes (2004), Modelling Pliocene warmth: contribution of at-343

mosphere, oceans and cryosphere, Earth Planet. Sci. Lett., 218 (3-4), 363–377, doi:344

10.1016/S0012-821X(03)00685-X.345

Haywood, A., B. Sellwood, and P. Valdes (2000), Regional warming: Pliocene (3 Ma)346

paleoclimate of Europe and the Mediterranean, Geology, 28 (12), 1063–1066.347

Haywood, A. M., P. J. Valdes, and V. L. Peck (2007), A permanent El Niño-like state348

during the Pliocene?, Paleoceanography, 22 (1).349

Held, I. M. (1999), Equatorial superrotation in earth-like atmospheric models,350

http://www.gfdl.gov/ ih/papers/super.ps, AMS Haurwitz lecture, 1999.351

Held, I. M., and M. J. Suarez (1978), A two-level primitive equation atmospheric model352

designed for climatic sensitivity experiments., J. Atmos. Sci., 35, 206–229.353

Hendon, H., and M. Salby (1994), The life cycle fo the Madden-Julian oscillation, J.354

Atmos. Sci., 51 (15), 2225–2237.355

Hide, R. (1969), Dynamics of atmospheres of major planets with an appendix on viscous356

boundary layer at rigid bounding surface of an electrically-conducting rotating fluid357

in presence of a magnetic field, J. Atmos. Sci., 26 (5P1), 841–&.358

D R A F T November 4, 2008, 11:23am D R A F T



TZIPERMAN AND FARRELL: PLIOCENE SST AND ATMOSPHERIC SUPERROTATION X - 19

Holton, J. R. (1992), An Introduction to Dynamic Meteorology, third ed., 511 pp., Aca-359

demic Press.360

Hoskins, B. J., and K. Karoly (1981), The steady response of a spherical atmosphere to361

thermal and orographic forcing., J. Atmos. Sci., 38, 1179–1196.362

Hovan, S. A. (1995), Late Cenozoic atmospheric circulation intensity and climatic his-363

tory recorded by eolian deposition in the eastern equatorial Pacific Ocean, leg 138,364

in Proceedings of the Ocean Drilling Program, Scientific Results, vol. 138, edited by365

N. Pisias, L. Mayer, T. Janecek, A. Palmer-Julson, and T. van Andel.366

Huang, H., K. Weickmann, and C. Hsu (2001), Trend in atmospheric angular momentum367

in a transient climate change simulation with greenhouse gas and aerosol forcing, J.368

Climate, 14 (7), 1525–1534.369

Jiang, D., H. Wang, Z. Ding, X. Lang, and H. Drange (2005), Modeling the middle370

Pliocene climate with a global atmospheric general circulation model, J. Geophys.371

Res., 110 (D14), doi:10.1029/2004JD005639.372

Klocker, A., M. Prange, and M. Schulz (2005), Testing the influence of the central373

american seaway on orbitally forced northern hemisphere glaciation, Geophys. Res.374

Lett., 32 (3).375

Lee, S. (1999), Why are the climatological zonal winds easterly in the equatorial upper376

troposphere?, J. Atmos. Sci., 56 (10), 1353–1363.377

Leroy, S. A. G., and L. M. Dupont (1997), Marine palynology of the ODP site 658 (N-378

W Africa) and its contribution to the stratigraphy of late Pliocene, Geobios, 30 (3),379

351–359.380

D R A F T November 4, 2008, 11:23am D R A F T



X - 20 TZIPERMAN AND FARRELL: PLIOCENE SST AND ATMOSPHERIC SUPERROTATION

Madden, R. A., and P. R. Julian (1971), Detection of a 40-50 day oscillation in zonal381

wind in tropical Pacific, J. Atmos. Sci., 28 (5), 702–&.382

Marlow, J. R., C. Lange, G. Wefer, and A. Rosell-Mele (2000), Upwelling intensification383

as part of the Pliocene-Pleistocence climate transition, Science, 290, 2288–2291.384

McPhaden, M. J. (1999), Climate oscillations-genesis and evolution of the 1997-98 El385

Niño, Science, 283, 950–954.386

Medina-Elizalde, M., D. W. Lea, and M. S. Fantle (2008), Implications of seawater387

Mg/Ca variability for Plio-Pleistocene tropical climate reconstruction, Earth Planet.388

Sci. Lett., 269 (3-4), 584–594, doi:10.1016/j.epsl.2008.03.014.389

Mendelssohn, R., and F. B. Schwing (2002), Common and uncommon trends in SST390

and wind stress in the California and Peru-Chile current systems, Prog. Oceanogr.,391

53 (2-4), 141–162.392

Molnar, P., and M. A. Cane (2007), Early Pliocene (pre-ice age) El Niño-like global393

climate: Which El Niño?, Geosphere, 3 (5), 337–365.394

Pagani, M., K. H. Freeman, and M. A. Arthur (1999), Late Miocene atmospheric CO2395

concentrations and the expansion of C-4 grasses, Science, 285 (5429), 876–879.396

Panetta, R. L., I. M. Held, and R. T. Pierrehumbert (1987), External Rossby waves in397

the 2-layer model, J. Atmos. Sci., 44 (20), 2924–2933.398

Pierrehumbert, R. (2000), Climate change and the tropical Pacific: The sleeping dragon399

wakes, Proc. Natl. Acad. Sci. U.S.A., 97 (4), 1355–1358.400

Ravelo, A. C., D. H. Andreasen, M. Lyle, A. O. Lyle, and M. W. Wara (2004), Re-401

gional climate shifts caused by gradual global cooling in the Pliocene epoch, Nature,402

D R A F T November 4, 2008, 11:23am D R A F T



TZIPERMAN AND FARRELL: PLIOCENE SST AND ATMOSPHERIC SUPERROTATION X - 21

429 (6989), 263–267.403

Raymo, M. E., B. Grant, M. Horowitz, and G. H. Rau (1996), Mid-Pliocene warmth:404

Stronger greenhouse and stronger conveyor, Marine Micropaleontology, 27 (1-4), 313–405

326.406

Rickaby, R., and P. Halloran (2005), Cool La Nina during the warmth of the Pliocene?,407

Science, 307 (5717), 1948–1952, doi:10.1126/science.1104666.408

Saravanan, R. (1993), Equatorial superrotation and maintenance of the general-409

circulation in 2-level models, J. Atmos. Sci., 50 (9), 1211–1227.410

Schwing, F. B., T. Murphree, and P. M. Green (2002), The northern oscillation index411

(NOI): a new climate index for the northeast Pacific, Prog. Oceanogr., 53 (2-4), 115–412

139.413

Shell, K., and I. Held (2004), Abrupt transition to strong superrotation in an axisym-414

metric model of the upper troposphere, J. Atmos. Sci., 61 (23), 2928–2935.415

Slingo, J., D. Rowell, K. Sperber, and E. Nortley (1999), On the predictability of the416

interannual behaviour of the Madden-Julian oscillation and its relationship with El417

Niño, Q. J. R. Meteorol. Soc., 125 (554, Part B), 583–609.418

Sloan, L. C., T. J. Crowley, and D. Pollard (1996), Modeling of middle Pliocene climate419

with the NCAR GENESIS general circulation model, Marine Micropaleontology, 27 (1-420

4), 51–61.421

Soden, B. J., and I. M. Held (2006), An assessment of climate feedbacks in coupled422

ocean-atmosphere models, J. Climate, 19, 3354–3360.423

D R A F T November 4, 2008, 11:23am D R A F T



X - 22 TZIPERMAN AND FARRELL: PLIOCENE SST AND ATMOSPHERIC SUPERROTATION

Suarez, M., and D. Duffy (1992), Terrestrial superrotation - a bifurcation of the general-424

circulation, J. Atmos. Sci., 49 (16), 1541–1554.425

Tedford, R., and C. Harington (2003), An Arctic mammal fauna from the early Pliocene426

of North America, Nature, 425 (6956), 388–390, doi:10.1038/nature01980.427

Tziperman, E. (1986), On the role of interior mixing and air-sea fluxes in determining428

the stratification and circulation of the oceans, J. Phys. Oceanogr., 16, 680–693.429

Vecchi, G. A., and B. J. Soden (2007), Global warming and the weakening of the tropical430

circulation, J. Climate, 20, 4316–4340.431

Wara, M., A. Ravelo, and M. Delaney (2005), Permanent El Niño-like conditions during432

the Pliocene warm period, Science, 309 (5735), 758–761, doi:10.1126/science.1112596.433

Weller, R., and S. Anderson (1996), Surface meteorology and air-sea fluxes in the western434

equatorial Pacific warm pool during the TOGA coupled ocean-atmosphere response435

experiment, J. Climate, 9 (8), 1959–1990.436

Wheeler, M., and G. N. Kiladis (1999), Convectively coupled equatorial waves: Analy-437

sis of clouds and temperature in the wavenumber-frequency domain, J. Atmos. Sci.,438

56 (3), 374–399.439

Williams, G. (2003), Barotropic instability and equatorial superrotation, J. Atmos. Sci.,440

60 (17), 2136–2152.441

Williams, G. (2006), Equatorial superrotation and barotropic instability: Static stability442

variants, J. Atmos. Sci., 63 (5), 1548–1557.443

Wu, Z., E. Sarachik, and D. Battisti (1999), Thermally forced surface winds on an444

equatorial beta plane, J. Atmos. Sci., 56 (12), 2029–2037.445

D R A F T November 4, 2008, 11:23am D R A F T



TZIPERMAN AND FARRELL: PLIOCENE SST AND ATMOSPHERIC SUPERROTATION X - 23

Wu, Z. H., D. S. Battisti, and E. S. Sarachik (2000), Rayleigh friction, Newtonian446

cooling, and the linear response to steady tropical heating, J. Atmos. Sci., 57 (12),447

1937–1957.448

D R A F T November 4, 2008, 11:23am D R A F T



X - 24 TZIPERMAN AND FARRELL: PLIOCENE SST AND ATMOSPHERIC SUPERROTATION

Figure 1. A schematic of the proposed mechanism for the weak Pliocene equatorial

Pacific SST gradient

D R A F T November 4, 2008, 11:23am D R A F T


